ABSTRACT Gating currents (Ig) were recorded in single canine cardiac Purkinje cells at 10-12"C. Ig characteristics corresponded closely to macroscopic IN, characteristics and appeared to exhibit litde contamination from other voltage-gated channels. Charge density predicted by peak IN, was 0.14-0.22 fC #m -2 and this compared well with the measured value of 0.19 -0.10 fC #m -~ (SD; n = 28). The charge-voltage relationship rose over a voltage similar to the peak IN, conductance curve. The midpoints of the two relationships were not significantly different although the conductance curve was 1.5 _+ 0.3 (SD; n = 9) times steeper. Consistent with this observation, which predicted that a large amount of the gating charge would be associated with transitions close to the open state, an analysis of activation from Hodgkin-Huxley fits to the macroscopic currents showed that rm corresponded well with a prominent component of lg. Ig relaxations fitted two exponentials better than one over the range of voltages in which Na channels were activated. When the holding potential was hyperpolarized, relaxation of lg during step depolarizations to 0 mV was prolonged but there was no substantial increase in charge, further suggesting that early closed-state transitions are less voltage dependent. The single cardiac Purkinje cell appears to be a good candidate for combining Ig and single-channel measurements to obtain a kinetic description of the cardiac Na channel.
INTRODUCTION
Na channel gating currents (Ig) have been studied in a variety of nonmammalian preparations including squid giant axon Keynes and Rojas, 1974) , crayfish (Swenson, 1980) , Myxicola (Rudy, 1976) , frog node of Ranvier (Nonner et al., 1975) , and frog skeletal muscle (Collins et al., 1982; Campbell, 1983) . Na channel Ig has previously been resolved in only one mammalian preparation, rabbit node of Ranvier (Chiu, 1980) , and in no single-cell preparation. The cardiac Purkinje cell is well suited for lg studies because it has a large diameter and lacks T tubules, which are both characteristics that lower effective series resis-440 THE JOURNAL OF GENERAL PHYSIOLOGY. VOLUME 95 9 1990 tance. In addition, Na channel density has been estimated to be in the range of 200 channels #m -2 .
INa in cardiac cells has several distinct characteristics that distinguish it from INa in both neurons and in skeletal muscle. In addition to a lesser sensitivity to the toxins tetrodotoxin (TI~) and saxitoxin (STX), cardiac channels are blocked more effectively by several divalents, such as Zn ++ and Cd ++ (DiFrancesco et al., 1985; Frelin et al., 1986; Sheets et al., 1988) . Kinetics of cardiac INa are slower in both onset and decay than in either skeletal muscle or neurons, and it is generally agreed that mammalian cardiac INa decays with more than one time constant (Brown et al., 1981; Kunze et al., 1985; Patlak and Ortiz, 1985; Benndorf and Nilius, 1987; Follmer et al., 1987; Grant and Starmer, 1987; Makielski et al., 1987) . In addition to our preliminary report of Ig in cardiac Purkinje cells (Hanck et al., 1988a) , Bean and Rios (1988) and Field et al. (1988) have reported recording Ig in ventricular myocytes. Both Bean and Rios and Field et al. present evidence that a substantial part of their signal arises from voltage-gated Ca channels. In contrast, this paper presents evidence that for the cardiac Purkinje cell, asymmetrical current recorded during the first 10 ms after a depolarizing step correlates well with INa and reflects primarily voltage-dependent gating transitions of Na channels. These data can be resolved to a sufficient degree such that they can reveal voltage-dependent transitions of the channel. Some of these data have been presented in abstract form (Hanck et al., 1988a; Fozzard et al., 1989) .
METHODS

Cell Preparation
The experiments were performed on single canine Purkinje cells isolated by the procedure of Sheets et al. (1983) . Briefly, free running canine Purkinje fibers were cut into short segments (2-3 ram) and incubated in modified Eagle's minimal essential medium, with 5 mg/ml Worthington type I collagenase for 1.5-2 h at 37~ in a shaking water bath. The digested fibers were washed in 130 mM K-glutamate, 5.7 mM MgCI2, 0.1 mM EGTA, and 5 mM HEPES (pH 6.2) and incubated in this solution for 15 min at 37"C. Fibers were then mechanically separated into single cells by application of shear force. Cells were stored at room temperature in Eagle's minimal essential medium (pH 7.3), which contains 1.8 mM Ca, and were studied within 18 h.
Recording Technique
All recordings were carried out using a large bore, double-barrelled glass suction pipette for both voltage clamp and internal perfusion (see Makielski et al., 1987) . Voltage control was imposed via a unity gain amplifier (OPA-27; Burr-Brown Corp., Tucson, AZ) located in the headstage (to minimize capacitive coupling) and connected to the outflow pipette solution via a Ag/AgCI~ pellet and a 3 M KC1 bridge. A single cell with normal striation pattern and no membrane blebs was selected and drawn into the aperture until about one-third of the cell remained outside of the pipette. The cell was allowed to seal to the aperture walls and then the cell membrane inside the pipette was ruptured with a manipulator-controlled wire to allow for voltage control of the membrane outside the pipette and exchange of the cytoplasm with the flowing pipette solution. INa and Ig were measured with a virtual ground amplifier (OPA-101; Burr-Brown Corp., connected to the bath via a second 3 M KC1 bridge and Ag/ AgCi2 pellet. Currents were recorded with a 16-bit A/D converter (Masscomp 5520; Concurrent Computer, Tinton Falls, NJ) at 100 or 300 kHz, prefiltered with an 8-pole Bessel filter (model 848; Frequency Devices, Inc., Haverhill, MA) with a comer frequency of 10 or 50 kHz, respectively.
During IN~ recording, series resistance compensation was used to minimize the voltage drop across the series resistance, which, uncompensated, was in the range of 200-250 k~ (Rs without a cell in place was 50 kf~). The resistance at peak C~, with Nao/N~ of 30/0 mM ranged between 0.5 and 4 M~ (mean, 1.4 Mf~; n = 28). Series resistance compensation also, of course, sped the clamp, but in the absence of significant IN~ series resistance compensation was of marginal value, and therefore, when recording I s series resistance compensation was not routinely used.
Solutions
Solutions were chosen to minimize ionic conductances of channels other than Na while recording IN,. For recording I s, ionic current through Na channels could not be completely eliminated by simple cation substitution. Cs, a common replacement cation for Na, is 2% permeable to the cardiac Na channel but otherwise is similar to K as a replacement cation , and Ic, through Na channels could be several nanoamperes. Although permeability of TMA is much < 1% (compared with Na) and did not affect INa magnitude or time course when placed extracellularly, the small amount of IN~ that remained obscured Ig measurements. In neuronal preparations TTX is usually added to the extracellular solution to avoid ionic current through Na channels. Cardiac channels are well known to have a much lower affinity for TrX than neuronal channels, and they exhibit voltage-dependent block (e.g., Cohen et al., 1981) . Under conditions similar to those for recording Ig (low temperature, absence of extraceilular Na), the KD of block by STX is < 50 nM (Hanck et al., 1988b) , and, therefore, 10 ~M STX was chosen to block ionic current through Na channels. STX was preferred to TI'X for two major reasons. First, STX is 5-to 10-fold more efficacious than TTX at blocking the channel. Second, STX could be completely washed out, whereas often high doses of TIX could only be incompletely washed out at these temperatures.
Extracellular solution for measuring INa contained (in rnillimolar): 120 TMA or Cs, 30 Na, 2 Ca, 154 Ci, and 10 HEPES (pH 7.3). Extracellular solution for measuring Ig contained (in millimolar); 150 TMA or Cs, 2 Ca, 154 CI, 0.01 STX, and 10 HEPES (pH 7.3). Intracellular solution contained (in millimolar): 150 Cs, 150 F, 0 to 200 #M K-ATP, and 10 HEPES (pH 7.3). Athough no additional intraceUular buffer for Ca was required because Ca is soluble in F at < 10 nM, in some cells 10 mM EGTA or 1 mM BAPTA was added to the intracellular solution. Temperature was controlled using a Sensortek (Clifton, NJ) TS-4 feedback-controlled thermoelectric stage.
Experimental Protocols and Data Analysis
Voltage protocols were imposed from a 16-bit D/A converter (Masscomp 5520) using locally written control programs (D. Hanck). Cells were held at -150 mV to insure full INa availability, and they were depolarized once per second or once each 1.5 seconds for 10, 25, or 50 ms.
Linear capacity was assessed using modified P-4 protocols Bezanilla and Armstrong, 1974) . Cells were held at -150 mV and hyperpolarized for four cycles to -190 mV for 16.67 ms every 247.5 ms. Armstrong and Bezanilla (1974) found that at very hyperpolarized potentials gating transitions could not be detected. We have confirmed this for the cardiac cell by routinely comparing the steps from -150 to -190 mV with those from -190 to -150 mV (Fig. 1) . In each case these steps subtraced to zero (Fig. Capacitance was calculated by integration of the scaled, leak-corrected P-4 current responses, and membrane area was estimated from capacitance, assuming 1 #F cm -2. Mean capacitance for the cells included in this study was 80 +_ 18 pF (n = 28). Whole cells can have a capacitance up to 500 pF (Sheets et al., 1983) . Although the decay of the linear capacity transient was usually multiexponential (Fig. 1 B) , the primary time constant was 9.6 _+ 3.9 #s and represented 97 _+ 3% of the amplitude (n = 28). To confirm that the electronics themselves were linear, we performed gating protocols with the pipette, KCI bridges, and model membranes of similar series resistance and capacitance to that of cells. Large voltage steps might be expected to reveal nonlinear characteristics of the bridges or the electronics. However, model membranes contained a single time constant and steps of 150 mV subtracted without residual currents. A P-4 protocol preceded acquisition of each set of experimental data. Data from these protocols were compared in order to monitor the stability of the preparation with time, and were combined to improve overall noise rejection. Gating protocols contained four repetitions, timed to be one-half or one-fourth of a 60-Hz cycle out of phase, and data from these were averaged offline for lg analysis. Ig measurements were bracketed by IN, measurements to confirm the stability of the preparation and to document any shift of gating parameters with time .
Leak resistance (Re), assessed from the linear, background (time-independent) currents between -100 and -190 mV, represents the parallel contribution to the resting cell membrane and the seal of the membrane to the glass. For the 28 cells included in this study mean Re was 137 _+ 106 M~2 (range, 30-350 M~) . INa was leak-corrected with the value determined from the linear fit, and Ig was leak-corrected by the steady value of the current at 8-10 ms. However, for Ig leak estimates, sweeps were also manually checked, and leaks were compared with values determined from INa protocols and with baseline values predicted from exponential fits to Ig relaxations.
The background current-voltage relationship with 0 mM Na and 10 #M STX was linear with a zero-zero intercept except on occasion there was a small rectifying outward component at positive voltages. This current, when it was present, turned on after a lag of several milliseconds, developed very slowly, usually diminished with time, and was not affected by STX. Under these conditions it appeared to be carried by Cs. It was not blocked by the addition of 200 #M ATP to the pipette, and, therefore, it was unlikely to represent current through the ATP-regulated K channel.
Peak lNa was calculated as the mean of four samples about the maximum from capacity and leak-corrected data. lg current relaxations were fitted to sums of exponentials using DISCRETE (Provencher, 1976) on the Masscomp 5520. Boltzmann fits to the form:
( 1) where A was the determined scale factor and Xm Was the midpoint of the relationship were also determined on the Masscomp using locally written programs (D. Hanck) based upon a modified Gauss-Newton nonlinear least-squares algorithm from the NAG (Numerical Algorithms Group) library. Statistical analyses were carried out on a DOS-based microcomputer using SAS (Cary, NC). Grouped data are reported as means + standard deviations unless otherwise noted.
RESULTS
Recording of Ig
In Purkinje cells clear evidence of lg could be seen in step depolarizations at positive potentials even in the presence of INa (Fig. 2 A) . When INa was blocked with 10 #M STX and Na was removed, the capacity corrected currents were outwardly directed for depolarizing pulses, even positive to the INa reversal potential, and inwardly directed for hyperpolarizing steps as would be expected for lg (Fig. 2 B) . At positive step potentials the initial amplitude of the ON transient was larger and the decay rate was faster. Ig relaxation was biphasic. This was especially evident at more negative potentials. The time integral of the capacity and leak-corrected asymmetrical currents ( Fig. 2 C) plateaued, and these values were taken as the charge associated with the voltage step.
Charge transferred upon depolarization should be recaptured upon hyperpolarization, i.e., oN charge should be equal to or~ charge. However, integration intervals must be long enough so that all the charge moves during the integration period, and this is often difficult to achieve in practical terms. In other tissues it has been well documented that some charge becomes immobilized, that is, it returns too slowly to be recovered over the typical time periods for integration during repolarization (Armstrong and Bezanilla, 1977; Nonner, 1980;  for review see Armstrong, 1981; Meves, 1986) . In the cell shown in Fig. 2 the OFF charge recaptured during 4 ms after repolarization from -50 mV was 80% of the ON charge ( Fig. 2 C, left) while after repolarization from 0 mV it was only 60% (Fig. 2 C, right) . After shorter duration depolarizations, when the test potential was -40 mV or more negative, all the charge could be recovered within 4 ms. Note that in both instances the OFF charge contained a slow component that appeared not to be complete in the 4-ms integration interval. This slow component was especially evident after the depolarization to 0 inV. and STX have been reported to have no effect on magnitude or time course of Ig in squid (e.g., Armstrong and Bezanilla, 1974) and frog node of Ranvier (e,g., Nonner et al., 1975) , although in crayfish Hegenness and Starkus (1986) reported block of charge, consistent with surface charge effects secondary to toxin binding displacing Ca ++. In order to investigate whether STX affected charge displacement under our experimental conditions, we recorded Ig in symmetrical Na-containing solutions (30 raM) at the reversal potential and compared these data with similar data obtained in 0 mM Na solutions and 10 /LM STX. Representative results are shown in Fig. 3 . The cell was stepped at 0.1-mV increments and the very small currents near reversal potential are shown on the left and the integrals are on the right. The data for the same protocol obtained in the presence of 10/~M STX are shown below. A comparison of the integrals recorded in the presence of Na at the reversal potential with that in the presence of STX was made in four cells and in each case they were not significantly different.
Peak IN= Compares Well with Q~
Cardiac cells have a variety of voltage-gated channels, and, therefore, the presence of asymmetrical charge is not unexpected. However, if the signal represents primarily Ig associated with Na channels, then there should be a direct correlation between INa and the asymmetrical charge. We compared peak INa and charge in step depolarizations to 0 mV in 28 cells (Fig. 4) in which INa was measured with Nao/Na~ (in millimolar) 30/0. We chose 0 mV because the charge-voltage relationship plateaued positive to -10 mV (see below). At 0 mV cardiac Na channels have a high probability of only opening once and waiting times are concentrated near the onset of the step so that peak INa should be a reasonable estimate of the open probability. Also, contamination of the signal by/ca or by Ca channel gating currents should be evident. In support of the hypothesis that the charge primarily reflected Na channel gating, there was a strong linear relationship between gating charge and peak INn with a y-intercept that was not different from zero. Variation in current magnitude between cells could arise from two factors: (a) differences in cell size (membrane THE JOURNAL OF GENERAL PHYSIOLOGY 9 VOLUME 95 9 1990 area) and/or (b) differences in current density. If the primary factor determining current magnitude were cell size, it could be argued that the linear relationship was simply secondary to the fact that large cells had large currents. However, as can be seen in the inset to Fig. 4 , this was not the case; there was no dependence of charge on the size of the cell as estimated by its capacitance. The zero intercept also supports the hypothesis that under our experimental conditions we record primarily Na channel charge. Had a significant contribution from other channels, e.g., Ca channels, been present, one would have expected a positive value for the y-intercept indicating some charge not related to Na channel gating. Channel density can be predicted from IN~ and compared with the value predicted FIGURE 4. Relationship of charge to peak IN~. In 28 cells, studied between 10.5 and 14~ (12.4 _+ 0.9~ charge was measured during step depolarizations to 0 from -150 mV. On the left this value is shown plotted as a function of peak IN,, measured at 0 mV with a Na gradient (Nai/Nao) of 30/0 mM. The line is the best fit by least-squares regression (R, 0.87); slope was 37 fC nA -~. The intercept was not different from zero. Variation in current magnitude between cells is a function of both cell size and of channel density. The right panel, which plots the charge as a function of the cells' capacitance, shows that differences in cell size was not important in determining the linear relationship between charge and peak IN,.
from the gating charge. Estimation of the number of channels open at the peak of the macroscopic current was made by dividing the macroscopic peak conductance (GNa) by the single-channel conductance (~,). y is probably in the range of 2.5 pS based on scaling the 12-pS value measured with 150 mM Nao at a similar temperature . Assuming 1 #F cm -2, GNa averaged 171 _+ 110 pS #m -2 for the cells in Fig. 4 , and this predicts that on average 68 channels #m -2 were open at peak INa. This value necessarily underestimates channel density because it does not account for channels that open later than peak, that close before peak, or that inactivate without opening. The probability that a channel is open at the time of peak current at 0 mV at this temperature is in the range of 0.3 based on data from the most positive potentials for which single-channel data in this cell type are available (Scanley et al., 1990) . This predicts that channel density is on average 167 channels #m -2. The gating charge associated with this number of channels, if one assumes 4-6 e-per channel (e-= 1.602 x 10 -19 C) is 0.14-0.22 fC #m -~. Average Q~, for these cells was 0.19 -+ 0.10 fC #m -~, which is consistent with the hypothesis that the asymmetrical charge under our experimental conditions is primarily associated with Na channels.
Charge as a Function of Voltage
The charge-voltage (Q-V) relationship, assessed from step depolarizations (Fig. 5) , was sigmoidal and was reasonably well described by a simple Boltzmann distribution (Eq. 1). In 11 cells the mean slope was 10.8 _+ 1.4 mV. With correction for the temperature differences between cells (10.5-13.5"C), the slope represented an effective valence of 2.3 + 0.4 e-. The midpoint of the charge-voltage relationship was -55 + 5 mV. These activation characteristics were compared with activation estimates made from INa. Estimates of activation from ionic current are in general model dependent. We chose the simplest transform of the data, conductance calculated from peak INa, although the ratio of the probability that a channel will be open at peak macroscopic IN, to the probability that it will open varies as a function of membrane potential. There is some precedent (e.g., Keynes and Rojas, 1976) for using permeability rather than conductance because it takes into consideration the change in slope that occurs in the conductance close to the reversal potential. However, in these experiments reversal was at ~56 mV and the errors inherent in calculating permeability near reversal potential counterbalanced any advantage this technique would have provided had reversal been at a more positive potential. Although the conductance curve peaked and then drooped above + 20 mV, a simple Boltzmann function fitted the lower curvature of the conductance relationships well (see Fig.  5 ).
Activation occurs at more negative potentials with time in this preparation and so activation was routinely assessed both before and after recording of Ig. Both pre-and post-control conductance curves are shown in Fig. 5 . The average rate of the shift in activation was 0.5 _+_ 0.3 mV min -l (n = 9), as estimated from the change in midpoints of the pre-and post-control conductance curves. The slope of the conductance relationship, on the other hand, did not change with time. As expected, the slope of the peak conductance curve was steeper than the charge curve; the mean value was 7.4 _+ 0.9 mV. In a paired comparison of the conductance slope to the charge slope, the conductance slope was 1.5 _+ 0.3 times steeper than the gating curve. The two relationships rose over a very similar voltage range, and the midpoint of the conductance curves and the charge curve were not significantly different. In particular there was no large excess of charge at subthreshold potentials, suggesting that most of the voltage-dependent charge transitions were close to the open state under our experimental conditions.
Time Course of Ig
Having demonstrated that the magnitude and voltage dependence of the charge correlated well with peak macroscopic IN,, we looked at the time course of Ig. As a minimum requirement, Ig associated with activation of Na channels should proceed or be coincident with activation of IN,. Because the charge-voltage relationship exhibited a close correlation of charge and channel opening, we looked for a prominent component of Ig that matched the turning on of IN,.
To assess activation from macroscopic current, IN, from 10-ms step depolarizations were corrected for lg and then fitted on a DOS-based microcomputer using SAS (multivariate secant method) to the Hodgkin-Huxley (1952) where t are the times of the digitized data, rm is the fitted activation time constant, and ~-, is the inactivation time constant. IN, time course was well described by Eq. 2 for steps near threshold (Fig. 6 A) . However, at more depolarized potentials, where IN, decay was more complete within 10 ms, deviations were consistently seen (Fig.  6 B) . This was not an unexpected finding. Multiexponential decay of cardiac IN, has been reported by a number of investigators (Brown et al., 1981; Kunze et al., 1985; Patlak and Ortiz, 1985; Benndorf and Nilius, 1987; Follmer et al., 1987; Grant and Starmer, 1987; Makielski et al., 1987) . In addition, the rise of IN, at positive potentials was less well described by the Hodgkin-Huxley formalism. IN, turned on with a greater lag and rose more steeply than predicted by rm. Despite these limitations, this analysis provided values (Fig. 7 A) the longest r's occurring between -40 and -50 mV (Fig. 7 B) . Ig decays were better fitted by two exponentials than by one over the voltage range that Na channels activated; a single exponential fitted best at very negative potentials where r was also the shortest. At potentials where Ig decayed with two time constants the charge was concentrated under the longer time constant, and this time constant matched well with the rm predicted from the Hodgkin-Huxley fits to macroscopic currents (Fig. 7 A) . Near 0 mV there was an increase in the dispersion of the fitted time constants to Ig relaxations. The decay of IN, was also rapid near 0 mV; the fitted value for rh for the ionic current was 1.8 + 0.4 ms (0 mV; n = 9). Although inactivation has been considered to have limited voltage dependence, a small contribution to lg from inactivation might be expected. In the Hodgkin-Huxley model, Ig rises instantaneously to a maximum value and decays monoexponentially. The time constant of Ig relaxation is determined by 1/(a +/3), the magnitude of the electronic charge associated with the transitions (which is assumed to be the same for all transitions), and the number of channels. Armstrong (1981) has pointed out that in this model, if the relationship of the time constants between closed states is altered, the most profound effect is evident in the initial portion of lg. A marked rising phase to Ig is predicted if, for example, the relationship of the rate constants is inverted from a 3:2:1 ratio to 1:2:3. Most of the early Ig recordings in squid showed a distinct rising phase to lg (e.g., Armstrong and Gilly, 1979) . However, recent evidence (Stimers et al., 1987) has indicated that this may be a consequence of the Frankenhauser/Hodgkin space and that under the best conditions no rising phase to Ig is recorded. In the cardiac Purkinje cell Ig rose quickly at all potentials and typically peaked at 50 #s. The primary time constant of the clamp was in the range of 10 #s and so voltage control (to within 1%) could be assumed by 30/ss. In addition, the 8-pole Bessel filter (50 kHz) further rounded the recorded response. Thus the 50-#s rise time is close to that predicted from the char- acteristics of the clamp and filter. This appears at first glance to contradict our finding that the predominant voltage-dependent time constant was close to the open state, which would seem to predict less voltage dependence of closed-state transitions and a substantial lag before the appearance of lg. However, even though a substantial portion of the charge appeared to be associated with transitions close to the open state, there was a fast component of Ig (Fig. 7 B) . This component, seen over the entire voltage range, undoubtedly obscured the delay in lg associated with channel opening. To further investigate the contribution of closed-state transitions we looked at the effect of hyperpolarization on Ig. In squid giant axon it was shown that strong hyperpolarization favored channels occupying the most distant closed state. Ionic current and Ig during a depolarizing step were delayed (Taylor and Bezanilla, 1983) . We could also demonstrate this Cole-Moore shift (1960) for the cardiac Na channel. When the holding potential was -190 mV, INa developed more slowly than when holding potential was -130 mV (Fig. 8) . This delay was similar to squid. However, in contrast to squid, peak INa was also reduced at the more hyperpolarized potential (Fig. 8) . The reduction in peak INa was small, but it was highly consistent, reproducible, and reversible. Ig also had a lower peak and a longer relaxation time (Fig. 9 A) when the holding potential was -190 mV. The charge integrals were not obviously different (Fig. 9 B) , although a difference of 5% could not be excluded. In four cells the primary relaxation time constant in step depolarizations to 0 mV was lengthened 13 _+ 3% . These observations also support the conclusion that closed state transitions far from the open state are less voltage dependent than those near the open state. DISCUSSION We have recorded asymmetrical charge movement in canine cardiac Purkinje cells. There was good correlation between INa and the charge that transfers within the first 10 ms after a change in voltage, such that contamination by charge movement associated with voltage-gated channels other than Na channels was likely to be small. Analysis of the time constants of Ig revealed complex behavior over the range of potentials Na channels activate and supported a model with prominent voltage dependence in transitions close to the open state. Evidence for lesser voltage-dependent charge distribution between more distant closed states was also demonstrated. This preparation appears to be a good candidate for combining lg and single-channel measurements to obtain a kinetic description of the cardiac Na channel.
TIX has been reported to exhibit voltage-dependent blocking effects and a shift in inactivation to more negative potentials (Cohen et al., 1981; Vassilev et al., 1986; Carmeliet, 1087) . Similar voltage-dependent effects have also been reported in crayfish (e.g., Salgado et al., 1986 ) and a shift in steady-state inactivation, as assessed by gating charge, has been reported in that preparation (Heggeness and Starkus, 1986 ). Heggeness and Starkus could explain their findings, which were more dramatic for TIX than for STX, by postulating that the toxin displaced divalent charge. The lesser effect of STX then was a consequence of its two charges being better able to substitute for the displaced divalent. In these experiments we did not observe any difference in charge in the presence and absence of STX. However, we used very negative holding potentials, where effects of the toxin would be predicted to be minimal or absent, and we used STX rather than TFX. We conclude that under these conditions the use of STX to block residual current did not alter the channels' kinetic behavior.
Peak lu~ Compares Well with Q,~
It is perhaps surprising at first glance that the correlation between charge and macroscopic INa is SO strong since other membrane voltage-dependent processes certainly exist. The cardiac cell is contractile, and one possible source of asymmetrical charge movement might be expected from excitation-contraction (E-C) coupling. In fact, the first I~ measurements were of E-C coupling gating charge in skeletal muscle (Schneider and Chandler, 1973) . However, E-C coupling in cardiac muscle is thought to be triggered predominantly by Ca-mediated Ca release rather than by a voltage-dependent mechanism as in skeletal muscle (Fabiato, 1982; Rios and Pizarro, 1988) , and the cardiac Purkinje cell has no T tubules. For these reasons any E-C coupling gating charge, independent of voltage-gated Ca channels, would be predicted to be small.
Although Na channel density is high, the Na-K ATPase is in much higher abundance in the cardiac cell than Na channels (Colvin et al., 1985; Doyle et al., 1986) , and gating charge associated with the electrogenic Na-K ATPase has been measured in ventricular cells (Nakao and Gadsby, 1986) . However, the Na-K gating charge is extremely slow in comparison with that for voltage-gated channels, and the low temperature used in this study (12~ as well as the ionic conditions of our experiments prejudiced us against measuring Na-K ATPase gating.
Cardiac cells are well known to contain a variety of voltage-gated channels. Several types of K channels have been identified in cardiac cells, but little is known about their kinetics or density. IK~ density has been estimated from whole-cell and single-channel measurements in guinea pig myocytes (Sakmann and Traube, 1984) to be one channel per 2 #m 2. In addition, although the current-voltage relationship of KKa rectifies, the most interesting characteristics of the current have been explained as channel blocking events rather than time-dependent gating, and therefore a contribution of IK1 to Ig is unlikely.
Ig from delayed rectifier K channels (IK) has been reported in squid giant axon (White and Bezanilla, 1985) , but it is much slower than Na channel lg in that preparation, and the time course of Ig is well correlated the time course of IK. IK in cardiac Purkinje cells is not large; the work by Gintant et al. (1985) also suggests that its kinetics are quite slow with time constants of hundreds of milliseconds and seconds. At positive potentials there is a transient outward K current,/to (IA type), that activates positive to -30 mV, and this would be expected to contribute to gating charge at positive potentials. Nakayama and Fozzard (1988) have reported that at 12~ time to peak of/to is at ~40 ms at +40 mV and time to peak decreases to 15 ms at + 80 mV. At these potentials INa peaks in much < 1 ms and Ig relaxes in 100-200 Us. This disparity in time course is itself enough to make contamination of Ig by/to gating unlikely. Also, channel density appears to be in the range of 2,000 channels Purkinje cell-1 (Nakayama, T., personal communication), which compares favorably with the estimate in ventricular cells published by Clark et al. (1988) of 1 per 3-5 /~m 2. While it is unlikely that gating charge associated with this channel is present in our records, the slowly developing outward current we sometimes see at positive potentials has some characteristics that would be expected for ionic current through this channel.
Ca channels would be expected to gate over part of the voltage range of Na channels, and Bean and Rios (1988) have suggested that some portion of Ig in ventricular myocytes may be a consequence of Ca channel gating. However, we fail to record excess charge that might be related to Ca channel gating (Fig. 4) . Kostuyk et al. (1977 Kostuyk et al. ( , 1981 recorded Ig associated with Ca channels in Helix neurons. They found that 80% of Ig in that preparation was irreversibly blocked by intracellular fluoride, and the fluoride-sensitive component of Ig correlated well with/Ca. It is possible that our failure to record Ca channel Ig is secondary to our choice of fluoride as the intracellular anion. We have also estimated Ca channel density, based on whole-cell /Ca recordings in canine cardiac Purkinje cells without fluoride present (Hirano et al., 1989) . L-type Ca channels are probably not in greater density than 1-3/zm -e, which would predict that, unless their gating is much more voltage dependent than Na channels', their contribution would be small. The Purkinje cell also contains a T-type /Ca (Hirano et al., 1989) . However, although the density is greater than in most ventricular cells, it is unlikely to be greater than that of L-type Ca channels. The current is transient; however, at 30"C the time to peak of the current is several milliseconds. At 12~ where the Na channel I s measurements were made, gating is likely to be much much slower than for Na channels.
Channel density predictions argue that Ig associated with Ca channels would be much smaller than Ig associated with Na channels even without assuming that the fluoride-containing solutions precluded the recording of Ca channel Is. However, in ventricular myocytes Bean and Rios (1988) recorded a D-600-sensitive component of asymmetrical charge, which they identified as a candidate for /Ca gating. D-600 has been known to block cardiac INa for some time (e.g., Bayer et al., 1975) , and we have confirmed this for cardiac Purkinje cells at the 10-#M dose Bean and Rios used . Therefore, it is perhaps premature to conclude that this drug cleanly uncovers a contribution to gating by Ca channels. However, it is also quite likely that some portion of D-600-sensitive charge was related to Ca channels in their study. This leaves the possibility that the Na/Ca channel ratio in ventricular cells is less than in Purkinje cells, either because Ca channel density is higher or Na channel density lower. This might be the case since many dihydropyridine-binding sites appear to be in the T tubules of ventricular cells (Doyle et al., 1986) . More recently Field et al. (1988) have also reported Ig recordings in neonatal rat ventricular myocytes. They also concluded that a large part of their signal was a consequence of Ca channel gating.
Implications for Modeling
The voltage dependence of charge was well fitted by a simple Boltzmann function. This is in contrast to some reports (e.g., Bezanilla and Armstrong, 1975; Stimers et al., 1985) where the Q-V relationship contained a low slope region at potentials negative to channel activation, although some early recordings (e.g., Meves, 1974; Keynes and Rojas, 1976 ) also fitted a simple Boltzmann relationship to their charge voltage data. Recently Raynor and Starkus (1988) reexamined the issue of holding potential and the Q-V relationship and concluded that the Q-V relationship deter-mined from very negative holding potentials contained a single slope factor. In their study, only when holding potential was such that some charge became immobilized did the charge-voltage relationship exhibit a low-slope region. It is therefore likely that the absence of a low-slope region in the Q-V relationship in our data does not represent a true difference between tissues.
Probably the most striking finding in these studies was the concordance of the conductance and charge relationships; the midpoints of the two relationships were not different. In previous studies, even in those where the charge-voltage relationship was well described by a simple Boltzmann relationship, the midpoints of the two relations coincided only when the cube-root of the conductance relationship was considered. This difference may point towards properties that underlie the overall slower kinetics of the cardiac Na channel. In addition, the analysis of activation comparing the major time constant in the turn-on of INa with the major time constant of Ig showed good correlation. Although a fast time constant was apparent over the entire voltage range, a slower time constant was the predominant contributor to the charge over the range in which Na channels opened. Activation models in which primary voltage dependence is associated with the C ~ O transition have been proposed (Armstrong and Gilly, 1979; Armstrong, 1981) , and a model of this type will undoubtedly apply for the cardiac channel. The cardiac cell has already been shown to be a good cell for single-channel recording, and so this preparation provides an ideal candidate for combining kinetic information from the two recording techniques. Combining these data will facilitate the development of a kinetic model of the mammalian cardiac Na channel.
